The hexacoordinate complexes that the macrobicyclic ligands {(NH 3 ) 2 sar} 2+ and {(NMe 3 ) 2 sar} 2+ (sar = 3,6,10,13,16,19-hexaazabicyclo[6.6.6]icosane) form with transition metals such as Co III , Co II and Cu II can adopt several isomeric structures. In this article, we have firstly employed DFT methods to compute the relative stability of their Δ-ob 3 , Δ-ob 2 lel, Δ-lel 2 ob and Δ-lel 3 isomers, as well as the activation barriers for their interconversion. In agreement with the experimental data, the results show that, in general, the different isomers of the Co III and Co II complexes present similar free energies, whereas the Cu II complexes show a strong tendency towards the lel 3 form. In addition, the interplay between the structure and stability of these species has been studied by combining
Introduction
The complexes that macrobicyclic hexamine ligands of the sarcophagine family (sar = 3,6,10,13,16,19-hexaazabicyclo [6.6.6] icosane; Scheme 1) form with transition metals have been largely studied in recent decades owing to their central role in classical coordination chemistry. [1] These studies have proven that such complexes are typically hexacoordinate and show high thermodynamic stability and kinetic inertness. [2] This has led to important applications, particularly in the field of medicinal chemistry, in which the complexes formed between copper-64 and different sar derivatives are currently employed for positron emission tomography (PET) imaging. [3] Importantly, all the hexacoordinate complexes formed between the family of sar ligands and transition metals are chiral. Firstly, two enantiomers with identical stabilities can exist as a result of the helicity of the central C-C bond of the ethylenediamine (en) chelate rings relative to the effective C 3 axis of the complex (passing through the centroids of the faces without edges spanned by the chelate rings and the transition metal), and these are designated Δ and Λ ac-shape maps with a distortion/interaction energy analysis. In contrast to the geometries close to the ideal octahedron that all the studied Co complexes present, the lel 3 4+ . Overall, the results show a clear relationship between the stability of a given isomer and its degree of distortion with respect to the ideal octahedron (or trigonal prism), with the latter being ultimately dependent on the transition metal and its radius. cording to the IUPAC nomenclature rules. [4] Each of these enantiomers can, in addition, exist in four diastereomeric forms depending on the conformation adopted by each of the three central chelate rings of the ligand (see Scheme 1) , which can essentially either be parallel to the C 3 axis of the complex (designated "lel") or oblique to this axis (designated "ob"). [5] As a result, eight diastereomeric/enantiomeric forms (Δ-ob 3 , Δ-ob 2 lel, Δ-lel 2 ob, Δ-lel 3 , Λ-ob 3 , Λ-ob 2 lel, Λ-lel 2 ob and Λ-lel 3 ) may be considered to exist. A further source of chirality comes from the asymmetry of the six secondary N donors that coordinate to the metal centre. Fortunately, it turns out that all of these centres show the same configuration for a given complex in such a way that the Δ enantiomers are paired with (R)-N and the Λ with (S)-N, [6] and therefore neither lead to more isomers nor are they usually included in the complex description. Finally, the sarcophagine complexes formed with Jahn-Teller-active transition metals such as Cu II or low-spin Co II show an even larger number of isomers. [7] In these cases the octahedral symmetry of each of the eight diastereomeric/enantiomeric forms can undergo Jahn-Teller distortion along each Cartesian axis to give rise to three minima (the socalled "Mexican hat" model). [8] Nevertheless, the activation barrier for the conversion between them is usually small, [9] and average structures are observed at room temperature. [10] Despite all of these sources of isomerism, the description of metal-sarcophagine complexes is usually limited to the indication of the lel or ob conformations of the central en chelate rings, which can lead to the four isomers ob 3 , ob 2 lel, lel 2 ob and lel 3 . The preferred conformation depends both on the encapsulated metal and its oxidation state, and on the structure of the sarcophagine ligand, especially the nature of the groups in the apical positions. couple have been hypothesised to explain the fact that its rate constant of electron self-exchange is between one and two orders of magnitude smaller than that of [Co{(NH 3 ) 2 sar}] 5+ , [2a] as in such case the oxidation (or reduction) process would also imply a structural reorganisation. However, not all transition metals show such a feature, and regardless of the substituent on the sarcophagine ligand, their complexes with Cu II do not seem to be prone to a conformation other than lel 3 .
[2b]
From a computational point of view, most of the studies on the isomerism of metal-sarcophagine complexes appeared in the 1980s and 1990s, in parallel to their synthesis.
[2c, 11, 12] For the most part, these used molecular mechanic (MM) calculations with different force fields, and despite their limitations were, for instance, successfully employed to analyse the relative stability of the different isomers of [Co(sar)] 3+ , [2c] or the redox properties of a number of (hexaamine)Co III/II couples. [13] In fact, the former study already highlighted a relationship between M-N distances, the distortions with respect to the octahedral geometry, and the stability of the isomers. However, despite the interest in those findings, little attention has been paid to them since. 
Results and Discussion

Structure of the Isomers and Continuous Symmetry Measures
The ob 3 , as well as the transition states for their interconversion, have been computed by DFT methods. The structures thus obtained compared well with the available crystallographic data (see the Supporting Information). Importantly, all of the computed structures belong to the Δ enantiomer; their Λ mirror images have not been optimised owing to their identical stabilities. Moreover, previous studies have shown that the computed structures can have a certain degree of symmetry, that is, the ob 3 and lel 3 can adopt D 3 and C 3 point groups respectively, whereas the different orientation of the central en chelate rings on the intermediate ob 2 lel and lel 2 ob conformation reduces their maximum symmetry to the C 2 point group. [14] Thus, in all cases optimisations were carried out both with and without symmetry restrictions, and only the lowest gas-phase energy structures are discussed here. Note that no symmetry restriction was applied to the transition states.
Optimisation of the D 3 -ob 3 show a different behaviour due to their Jahn-Teller-active nature. [7] For these, optimisation of octahedral geometries with equivalent M-L distances is known to lead to conical intersections with energies higher than their distorted minima, [8a,15] so C 1 structures were computed. Optimisation of the ob 2 lel and lel 2 ob diastereoisomers of the complexes between Co II and Cu II and both sarcophagine ligands was also started under the C 2 -symmetry constraint. Interestingly, the C 2 -ob 2 lel-optimised structures proved to correspond to transition states for the interconversion between two Jahn-Teller isomers, so their stable C 1 analogues are shown here. The C 2 -ob 2 lel isomers, however, were found to be stable minima at the optimisation level of theory, and comparison to their C 1 -optimised analogues showed negligible geometrical and energetic differences. 5+ as well as the transition states for their interconversion are included in Figure 1 , whereas selected geometric parameters (i.e., M-N bonding lengths and N-C-C-N dihedral angles of the central en chelate rings) for all the studied complexes are given in Table 1 . [16] In general, the analysis of these structures shows that the N-C-C-N dihedral angles associated with the central en chelate rings define the ob or lel conformation of each strap, with significantly different values of approximately -45 and +50°, respectively. Furthermore, the transition states for their interconversion show N-C-C-N dihedral angles near 0°, although in some cases deviations up to 9°appear, probably due to the geometric constraints. In addition, it is observed that in all cases the series of interconversions from the ob 3 to lel 3 conformations are accompanied by an increase in the average M-L distance. In relation to the differences associated with the presence of hydrogen or methyl groups in the apical positions of the macrobicycle, it is found that their different electron-donating characters only promote small changes in the M-N distances, which become slightly shorter (up to ca. 0.04 Å) when the ligand {(NH 3 ) 2 sar} 2+ is substituted by {(NMe 3 ) 2 sar} 2+ . Nevertheless, such structural analysis cannot be completed if the coordination environment around the metal centres is not taken into account, as despite their hexacoordination they present different degrees of distortion with respect to the ideal octahedral or trigonal-prismatic geometries. For that purpose we have employed the CSM approach (see the Computational Details), which in the case of hexacoordination makes use of two measures, S(O h ) and S(itp), to fully characterise each Table 1 for structural data. Carbon-bound hydrogen atoms have been omitted for clarity. Colour code: carbon (grey), nitrogen (blue), cobalt (pink), hydrogen (white).
ground-state structure in a two-dimensional space so-called symmetry map (see Figure 2) . Alvarez, Avnir et al. have carried out thorough studies on the properties of the symmetry maps of six-coordinate metal compounds (among others), so only a short summary will be given here. [17] The two measures S(O h ) and S(itp) determine quantitatively the distance of a structure from the perfect symmetry of the octahedron and trigonal prism, respectively. The former is char- [a] 3 analogues can be considered as distorted trigonal prisms. Such change in the coordination environment around the metal centre, associated with its larger radius, will indeed have an impact on the relative stability of the diastereoisomers (see below). Figure 3 includes plots of the relative free energies in solution (ΔG sol ) for all the studied metal-ligand combinations, using their ob 3 conformations as relative zero. In all cases the activation barriers associated with the interconversion between diastereoisomers lie in the range of 5 to 10 kcal mol -1 , which indicate that formation of the thermodynamically more stable isomers should be relatively fast at room temperature. Specifically, the plots for [Co{(NH 3 ) 2 Figure 3 , b) has, roughly, the effect of decreasing the free-energy difference between the lel 3 Figure 3, c) . Here the plots indicate that the series of isomerisations from the ob 3 to lel 3 conformers are clearly exergonic, with little difference regardless of the sarcophagine ligand. Moreover, comparison of the activation barriers for these isomerisations and those for the reverse reactions (i.e., lelǞob isomerisations) shows that the latter are approximately twice those of the former, thus pointing towards a higher inertness of lel 3 versus ob 3 computations agree with the experimental observation of the lel 3 form for all the existing Cu II -sarcophagine complexes, and this seems to be associated with the distortions from the octahedral geometry that these species present, as revealed by their symmetry maps in Figure 2 (c) .
Energetic and Distortion/Interaction Analysis
Despite the agreement between computational and experimental data, the relationship between factors such as the atomic radius of the metal centre, its coordination environment and the relative stability of the different isomers was not completely clear at this point, so a further distortion/interaction analysis was carried out. This analysis, made on the basis of electronic energies in solution (ΔE sol ), has been performed in a relative manner and the changes in the stability of both ground-and transition-state structures for each metal-ligand system were compared with their ob 3 conformations (see the Computational Details). Thus, the changes in ΔE sol have been dissected into two terms [see Equation (2) in the Computational Details]: ΔE dist , the change in the relative energy of the sarcophagine ligand from its geometry on the ob 3 conformer to the specific analysed structure; and ΔE int , the change in the metalligand interaction energy. The results of such analysis are given in Figure 4 . Importantly, despite not including entropic, enthalpic, and dispersion corrections, it is worth noting that ΔE sol values follow the same trends as the previously shown free energy values, leading to similar stabilities for the four conformers of each Co III complex, a slight stabilisation of the lel-containing conformers of the complexes with Co II and a noticeable stabilisation of the lel 3 conformers of the Cu II complexes. In all cases, decomposition of the ΔE sol values into ΔE int and ΔE dist indicates that the ob 3 Ǟlel 3 series of isomerisations generate structures in which the sarcophagine ligand adopts more stable conformations (negative ΔE dist values), therefore contributing to the stabilisation of the lel 3 isomers. Note that such conclusion has already been drawn on the basis of molecular mechanics calculations. [14] Conversely, these isomerisations also imply a gradual decrease in the M-L bonding interaction (positive ΔE int values), and this favours the formation of ob 3 isomers. Evidently, the final outcome depends on the relative magnitude of the two terms. In this sense, it worth noting that there is a certain degree of parallelism between the ΔE dist and ΔE sol curves, which indicates that the activation barriers for these interconversions are mainly associated with the energy required for the sarcophagine ligand to rearrange into the transition-state geometry. As commented upon previously, these feature N-C-C-N dihedral angles of the central en chelate ring typically close to zero.
In , whereas the overall change in metal-ligand interaction energy is always smaller than 5 kcal mol -1 . As a result, the distortion/interaction analysis on these Cu II species indicates that the origin of the large stabilisation of the lel 3 conformers is due to the geometry that the sarcophagine ligand itself is able to adopt when bound to Cu II . Combined with the symmetry maps in Figure 3 , the results point towards the distortion that these structures present with respect to the ideal octahedron as the origin of such stabilisation. . In all cases, the activation barriers were found to be lower than 10 kcal mol -1 , therefore ensuring that the observed conformers in solution at room temperature correspond to the global minima (i.e., those with the lowest relative free energy). For the studied Co III and Co II complexes the computations show that in general all isomers present similar free energies, and this explains why the mere change of the groups bound to the apical nitrogen atoms leads, in some cases, to a different behaviour. Despite the limitations of the employed methodology, the results agree with the available experimental information in the sense that, when the relative stability of lel 3 4+ indicates that these species have a marked tendency to adopt the lel 3 form (free energies 10.3 and 12.2 kcal mol -1 lower than the corresponding ob 3 structures, respectively) regardless of the nature of the substituents at the apical nitrogen atoms, an observation in agreement with the lack of ob 3 complexes between Cu II and sar or sar-derived ligands in solution.
Conclusion
The structure and relative stability of all of these species have been further analysed by combining CSM with a distortion/interaction energy analysis. The latter has been carried out by considering the metal and ligand as two different fragments, thereby allowing us to dissect the relative stability (always using the corresponding ob 3 conformer as a reference) of each isomer in two contributions, the interaction energy between metal and ligand, and the stability of the ligand itself. The distortion/interaction energy analysis of all the studied complexes shows a similar trend along the ob 3 Ǟ lel 3 series of isomerisations, with the ligand gradually adopting more stable geometries at the same time as its interaction with the metal weakens. For the Co II and Co III complexes these two terms remain almost equal in magnitude but have opposite signs, thus leading to similar stabilities for each set of four isomers. Conversely, for the Cu II complexes, the increase in ligand stability largely out-
The CSM approach [17a] has been used to quantitatively assess the degree of symmetry of the optimised transition-metal complexes. S(O h ) and S(itp) indexes of each isomer were obtained after introducing the Cartesian coordinates of the transition metal and its six bound nitrogen atoms into the online application available at http:// www.csm.huji.ac.il/.
